T he cornea, with primarily sensory and some autonomic innervation, is among the most densely innervated tissue of the human body. 1 In humans, most corneal nerves originate from the ophthalmic branch of the trigeminal nerve and form a subbasal plexus under the corneal epithelium. This plexus extends thin nerve leashes that contain nociceptors at the surface of the cornea. 2 Corneal nerves are of great importance because of their role in protecting the cornea from irritants and their trophic properties, which are necessary to maintain a healthy ocular surface. 3 Disruption of the corneal nerves has been shown to impair corneal healing significantly. 4 Vascular endothelial growth factor (VEGF) has long been known as a potent growth factor that stimulates the proliferation of blood vessels. Specifically, it is an endothelial cell mitogen and angiogenic factor and a potent mediator of vascular permeability. 5 Signaling is mediated by the flt-1 (VEGFR1), flk-1 (VEGFR2), neuropilin (NRP)-1, and NRP2 receptors. 6 VEGF is essential for blood vessel development and has been strongly implicated in the pathogenesis of diabetic retinopathy, retinopathy of prematurity, age-related macular degeneration, and corneal neovascularization. [7] [8] [9] [10] [11] [12] The healthy cornea has minimal free VEGF. 13 However, in injured states, VEGF expression has been shown to be upregulated and can contribute to corneal neovascularization.
14 Anti-VEGF therapies have become important tools in slowing the growth of some cancerous tumors and have been used to treat ocular diseases such as macular degeneration. Recently, investigators have shown that the anti-VEGF neutralizing antibody bevacizumab can bind murine VEGF 164 and human VEGF 165 and that topical or systemic application of bevacizumab inhibits inflammation-induced angiogenesis and lymphangiogenesis in the cornea. 15 VEGF has also been implicated as an important player in nerve growth. In vitro experiments have shown that VEGF and its receptor are expressed by neurons and stimulate neurogenic, neuroprotective, and neurotrophic activities. 16 -18 These activities include proliferation of cortical neurons, protection of central and peripheral neurons from hypoxia-induced death, and promotion of axonal outgrowth in peripheral neurons. 19 VEGF has also been shown to have an important role in neurodegenerative diseases such as amyotrophic lateral sclerosis. 20 -22 Studies have indicated that systemic inhibition of VEGF with bevacizumab may cause apoptosis in retinal neurons. 23 However, implications for anti-VEGF therapy on corneal innervation or nerve repair have not been explored.
Here we used a transgenic mouse displaying corneal neurofluorescence 24 to characterize the pattern of nerve regeneration in the cornea after epithelial debridement. Then, with the use of RT-PCR, immunohistochemistry, and Western blot, we investigated the expression of VEGF (VEGF 164 ) and its receptors in the cornea and trigeminal ganglia. Last, we observed the effect of VEGF on trigeminal neuron outgrowth in vitro and the effects of anti-VEGF neutralizing antibodies on the axonal extension in vitro and on the regeneration of the subbasal nerve plexus after injury.
MATERIALS AND METHODS

Animal Model and Care
Neurofluorescent adult mice of the thy1-YFP line 16 were purchased from Jackson Laboratories (Bar Harbor, ME) and bred to homozygosity. For in vivo experiments, mice were anesthetized with intraperitoneal injections of a combination of ketamine (20 mg/kg; Phoenix Scientific, St. Joseph, MO) and xylazine (6 mg/kg; Phoenix Scientific). For terminal experiments, mice were killed with a lethal dose of intraperitoneal pentobarbital (100 mg/kg; Abbott Laboratories, North Chicago, IL). For immunostaining experiments, wild-type C57/BL6 mice were used to eliminate bleed-through from transgenic fluorescence. All animals were managed and experiments were conducted according to the ARVO Statement for the Use of Animal in Ophthalmic and Vision Research.
Fluorescence Imaging
Corneal whole mounts, trigeminal neuron cultures, and tissue slides were imaged with a fluorescence stereoscope (Stereolumar V.12; Carl Zeiss Meditec GmbH, Oberkochen, Germany) equipped with a digital camera (Axiocam MRm; Carl Zeiss Meditec GmbH) and a motorized fluorescence microscope (AxioVert 200M, with Axiovision 4.0; Carl Zeiss Meditec GmbH) equipped with a slider module (Axiocam MRm; Carl Zeiss Meditec GmbH) for optical sectioning controlled by the system software (Axiovision 4.0; Carl Zeiss Meditec GmbH).
Corneal Wounding and Regeneration
Mice were anesthetized, and a 2-mm circular corneal epithelial defect was made in each anesthetized mouse using a scalpel blade. At selected times after wounding, groups of mice were killed, and corneas were removed and fixed in 4% paraformaldehyde for 40 minutes. After four relaxing radial incisions were made, the corneas were coverslipped with mounting medium containing DAPI (4Ј, 6Ј-diamino-2-phenylindole; Vector Laboratories, Burlingame, CA) and were imaged. Samples were masked, and four photographs (390 m ϫ 220 m), one at the center of each quadrant of the cornea in the area of the wound, were taken. Nerve fibers were traced, and the length was calculated with commercial software (Adobe Illustrator; Adobe Systems, San Jose, CA) with an object-length function. 24 The lengths of nerve processes found were totaled and converted to micrometers of nerves per square millimeter. The density of the nerves at each time point was then charted as a percentage of control.
Trigeminal Neuronal and Cornea Epithelial Cell Cultures
Trigeminal ganglia were removed from mice and cultured, as has been previously described. 24 Cultures were maintained in 96-well plates coated with 20 g/mL laminin (Sigma, St. Louis, MO) and supported with media (Neurobasal; Invitrogen, Carlsbad, CA) supplemented with 2% fetal bovine serum (FBS) and 1% antibiotic/antimycotic (ABAM; Gibco, Grand Island, NY).
Mouse corneal epithelial sheets were isolated using dispase treatment, as described by Kawakita et al. 25 Epithelial sheets were rendered into single cells by 0.25% trypsin-EDTA (Gibco). Single cells were seeded in six-well plates with corneal epithelium growth medium (Epilife; Cascade Biologics, Portland OR) with 20 M calcium, 1% human corneal growth supplement (Cascade Biologics), 0.01 g/mL mouse epidermal growth factor (Sigma), 10 Ϫ7 mM cholera toxin A subunit from Vibrio cholerae (Sigma), and 1% ABAM (Gibco) until they were 90% confluent.
Immunohistochemistry of VEGF and Receptors in Trigeminal Cultures and Whole Tissue
Trigeminal neuron cultures were collected from nonfluorescent C57/ BL6 mice to avoid fluorescence bleed-through during imaging. 6 Neuronal cells were fixed in 2% paraformaldehyde for 20 minutes, followed by phosphate-buffered saline (PBS) washing. The cells were then permeablized and blocked with 1% bovine serum albumin and 0.1% Triton-X in PBS for 30 minutes After blocking, the following primary antibodies were applied to individual wells: rabbit anti-VEGF 164 (1:200); goat anti-VEGFR1 (1:200); goat anti-VEGFR2 (1:200); rabbit anti-NRP1 (1:200); and rabbit anti-NRP2 (1:200; Santa Cruz Biotechnology, Santa Cruz, CA). Cells were washed with PBS before the application of the secondary antibody (45 minutes), donkey antirabbit and donkey anti-goat (1:300; Jackson ImmunoResearch, West Grove, PA). Finally, neuronal cultures were rinsed with PBS, mounted in media containing DAPI, and coverslipped for imaging.
Whole trigeminal ganglia and corneas were collected from C57/BL6 mice, fixed in 4% paraformaldehyde for 45 minutes, embedded in optimal cutting temperature (OCT; Tissue-Tek, Torrance, CA) media, and frozen on dry ice. Cross cryosections 8-m thick were cut and mounted on glass slides (R7200; Mercedes Medical, Sarasota, FL). Sections were blocked and permeabilized with 1-hour incubation in 1% bovine serum albumin (Sigma) in PBS with 0.1% Triton X-100. Sections were incubated overnight with the following antibodies: rabbit anti-VEGF 164 
RT-PCR of Corneal Epithelial and Trigeminal Whole Tissue and Cultures
Total RNA was isolated (RNeasy Mini Kit and RNeasy Micro Kit; Qiagen, Germantown, MD) from five sources-mouse cultured corneal epithelial cells (passage 0), cultured trigeminal neurons (passage 0), cornea epithelial tissue, cornea stroma tissue, and trigeminal ganglion tissue-according to the manufacturer's protocol. Mouse embryos (embryonic day [E] 11.5) were used as a positive control. RNase-free DNaseI was used to remove DNA. RNA was stored at Ϫ70°C in the presence of RNase inhibitor (Invitrogen, Carlsbad, CA), and RNA concentration and quality were assessed (2100 Bioanalyzer; Agilent, Santa Clara, CA).
cDNA was generated (Superscript III First-Strand Synthesis System; Invitrogen) according to the manufacturer's protocols. Total RNA (500 -1000 ng) was reverse transcribed (Oligo(dT)20; Invitrogen). Of the resultant cDNA, 50 ng was used for each PCR amplification, in accordance with the manufacturer's protocol (MasterTaq Kit; Eppendorf, Hamburg, Germany). Specific primers were designed 26, 27 as follows: VEGF 164 forward (5Ј-CAGGCTGCTGTA ACGATGAA-3Ј) and reverse (5Ј-CACCGCCTTGGCTTGTCACA-3Ј), VEGFR1 forward (5Ј-GAGAGCATCTATAAGGCAGCGGATT-3Ј) and reverse (5-CACGTT-TACAAT GAGAGTGGCAGTG-3Ј), VEGFR2 forward (5Ј-TACACAAT-TCAGAGCGATGTGTGGT-3Ј) and reverse (5Ј-CTGGTTCCTCCAATGG-GATATCTTC-3Ј), NRP1 forward (5Ј-GAAGGCAACAACAACTA TGA-3Ј) and reverse (5Ј-ATGCTCCCAGTG GCAGAATG-3Ј), NRP2 forward (5Ј-AAGTGGG GGAAGGAGACTGT-3Ј) and reverse (5Ј-GTC CACCTC-CCATCAGAGAA-3Ј), and GAPDH control forward (5Ј-ACCACAGTC CATGCC ATCAC-3Ј) and reverse (5Ј-TCCACCACCCTGT TGCTGTA-3Ј). Amplifications were performed using the following cycling parameters: 94°C for 3 minutes, followed by 30 cycles of 94°C for 45 seconds, annealing temperature (VEGF 164 , VEGFR1, VEGFR2, 53.4°C; NRP1, 55.7°C; NRP2, 61°C; GAPDH, 60°C) for 30 seconds and 72°C for 45 seconds, and a final extension cycle of 72°C for 5 minutes. 26 Glutaraldehyde phosphate dehydrogenase was the loading control. A negative control without cDNA was also performed (data not shown). PCR products were resolved in 1.5% agarose gels.
Western Blot Analysis
Whole trigeminal ganglia and corneas from C57/BL6 mice were frozen in liquid nitrogen and homogenized using RIPA buffer (10 mM TrisHCl, 150 mM NaCl, 1% deoxycholic acid, 1% Triton X-100, 0.1% SDS, 
Trigeminal Ganglion Explant Assay
Whole trigeminal ganglia were harvested from mice. Each ganglion was mounted in 7 L basement membrane preparation (Matri-Gel; BD Biosciences, Franklin Lakes, NJ) to a well of a 48-well culture plate. 16 Ganglia were then incubated in 1 mL media (Neurobasal; Invitrogen) with 1% B27 supplement. For each pair, one ganglion served as control and the contralateral ganglion was treated with media containing 50 ng/mL VEGF. Media were changed every 3 days. After 6 days' growth at 37°and 5% CO 2 , media were removed from wells, ganglia were fixed with 4% paraformaldehyde, and nerve outgrowths were visualized with anti-␤ III tubulin-specific antibody (Santa Cruz Biotechnology). Samples were masked, and three random fluorescence images (550 m ϫ 420 m) of nerve outgrowth at the periphery of each ganglion were taken. Nerve densities for each set of ganglia were calculated and averaged.
Neuronal Growth Assay
Trigeminal ganglia were removed from mice, and neurons were dissociated and plated in 96-well glass culture plates as previously described. Cells were grown in media (Neurobasal; Invitrogen) with 2% FBS and 1% ABAM. Control samples were incubated in 250 ng/mL mouse IgG (Jackson ImmunoResearch), whereas experimental samples were exposed to 250 ng/mL bevacizumab (Genentech, South San Francisco, CA). After 48 hours of growth at 37°C and 5% CO 2 , media were removed from the wells, and the cells were fixed in 2% paraformaldehyde for 20 minutes. The cells were then permeabilized with PBS containing 0.1% Triton X-100 and blocked with 1% BSA in PBS. Cells were incubated with anti-␤ III tubulin primary antibody at 1:2000 for 1 hour at room temperature, followed by detection using secondary antibody conjugated with Texas Red at 1:300 for an additional hour at room temperature. Samples were masked, and a fluorescence image (280 m ϫ 220 m) was taken at the center of each quadrant of each well. Neuron axon lengths in each photograph were calculated.
Intrastromal Application of Anti-VEGF Blocking Antibody
Thy1-YFP mice were anesthetized, and a stromal micropocket extending from the limbus to the central cornea was created with a beveled needle (Microliter 701; Hamilton, Reno, NV). A syringe with a blunt 26-gauge needle was then used to inject 5 L of 25 mg/mL bevacizumab or 5 L of 25 mg/mL nonspecific mouse IgG in balanced salt solution into this pocket, which resulted in central hydration of the cornea. Twenty-four hours after intrastromal injection, the previously injected corneas were wounded, as described. Mice were killed 3 days after wounding, and the degree of nerve regeneration was quantified as in previous wounding experiments.
Statistical Analysis
Student's t-test was used, with statistical significance defined as P Ͻ 0.05.
RESULTS
Cornea Wounding and Regeneration of Nerves
Epithelial debridement with a scalpel blade was used to injure the corneas of thy1-YFP mice and resulted in the removal not only of the corneal epithelium but also of corneal nerves from the surface, including intraepithelial and subbasal plexus neurons. We have previously developed methods to quantify the density of the subbasal nerve plexus in these mice using endogenous neurofluorescence. 24 Corneal nerve regeneration after injury was monitored over time (n ϭ 3 per time point). Starting from a control fluorescent nerve density of 53,173 Ϯ 5408 (SEM) m/mm (Figs. 1, 2) .
Subbasal nerve regeneration took on two general forms. In some instances, the new nerves in the subbasal plexus emanated from fibers just outside the area of epithelial debridement (Fig.  3A) . These appeared to represent extensions of already existing subbasal nerves. A second set of nerves regenerated as new FIGURE 1. Regeneration of mouse corneal subbasal nerve plexus density after wounding. Mice were separated into six groups (n ϭ 3). Five groups underwent 2-mm-diameter circular superficial keratectomy. A control group received no injury. Mice were killed, and corneas were excised and imaged for neurofluorescence before injury (A), immediately after injury (B), and at 3 days (C), 7 days (D), 14 days (E), and 28 days (F) after initial wounding. The superficial wound removed all fibers of the subbasal plexus. Subsequently, a time-dependent increase in neuron density in the area of the wound could be observed.
"islands" of subbasal nerves that sprouted from deep stromal nerve bundles and had not been wounded (Fig. 3B) .
Immunochemistry of VEGF and Receptors
To determine whether trigeminal neurons expressed the signaling components required for VEGF-dependent growth, we used immunostaining to examine the protein expression of VEGF and its receptors in cultured trigeminal neurons and in whole trigeminal tissue. In culture, processes and cell bodies of trigeminal nerves displayed strong staining for VEGF and NRP1 and moderately intense staining for VEGFR1 and VEGFR2. Minimal staining of NRP2 was found (Fig. 4) . In fixed trigeminal tissue sections, immunohistochemistry for VEGF 164 revealed a punctate pattern along with staining in processes and cell bodies. VEGFR1 staining was found in cell bodies, whereas VEGFR2 showed a striped pattern around cell bodies but little staining otherwise. Strong NRP1 staining was found in processes and cell bodies, but NRP2 showed only slight staining in cell bodies (Fig. 5) .
In fixed corneal tissue, VEGFR1 and NRP1 showed strong staining in the epithelium. Notably, NRP1 had an intense perinuclear pattern of staining. VEGFR2 was weakly expressed in the epithelium, and VEGF and NRP2 displayed negligible staining (Fig. 6 ).
RT-PCR for VEGF and Its Receptors in Epithelium and Trigeminal Ganglia
To characterize the gene expression of VEGF ligands and receptors in the mouse cornea and trigeminal ganglion cells and tissues, semiquantitative RT-PCR techniques were used (Fig. 7) . Intense bands corresponding to gene expression of VEGF, NRP1, NRP2, VEGFR1, and VEGFR2 were observed in cultured trigeminal neurons, whole trigeminal ganglia tissues, and corneal epithelial cells. In corneal epithelial tissue, less intense bands for VEGF and NRP1 were seen, whereas NRP2, VEGFR1, and VEGFR2 did not appear to be expressed at detectable levels. In the corneal stroma, only VEGF, VEGFR2, and NRP1 were detected as faint bands. NRP2 and VEGFR1 were not detected. A, B) and a schematic drawing of wounded mouse cornea (C) depict two ways by which the mouse cornea regenerates its subbasal plexus after injury. Red circle: site of epithelial debridement and subbasal plexus destruction. Corneal stroma nerve bundles (yellow), which are deep in the cornea, are uninjured by epithelial debridement, whereas the thin subbasal plexus nerves (white) are removed by corneal abrasion and then subsequently heal. Some subbasal plexus nerves proximal to the area of abrasion grow back to reinnervate the cornea (A), whereas other "islands" of new subbasal plexus nerves grow from deep stroma nerves and then spread out (B). Scale bar, 100 m.
FIGURE 2.
Quantification of the recovery of the subbasal nerve plexus after superficial injury using transgenic neurofluorescence. Photographs were taken in each of four quadrants of the corneas collected in the previous experiment (Fig. 1) . The density of the subbasal nerve plexus was calculated and charted (mean Ϯ SEM) as a percentage of control density (A). Representative fluorescence images from each time point are shown in (B) unwounded subbasal plexus, (C) plexus immediately after wounding, (D) plexus 3 days after wounding, (E) plexus 7 days after wounding, (F) plexus 14 days after wounding, and (G) plexus 28 days after wounding. The data show that at the area of de-epithelialization, nerve density recovers to approximately half the original density after 2 weeks and then plateaus to approximately 65% of prewounding levels. Scale bar, 100 m.
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Western Blot Analysis
To confirm the results of immunohistochemistry, Western blot analysis was conducted on whole trigeminal and corneal tissue.
Immunoblotting of trigeminal tissue lysate showed positive reactivity for VEGF and its receptors. VEGF was present as band sizes of approximately 14 kDa, 18 kDa, and 23 kDa. VEGF receptors, including VEGFR1 (180-kDa band), VEGFR2 (220-kDa band), NRP1 (90-kDa band), and NRP2 (70-kDa band), were also expressed. Similarly, VEGFR2 and NRP1 were expressed in corneal tissue lysate. VEGFR1 was present as a 60-kDa band corresponding to soluble VEGFR1. However, corneal expression of VEGF and NRP2 proteins were not detected. These bands corresponded in size to previously published data on VEGF and its receptors and to data from the respective manufacturers (Fig. 8) .
13,28,29
In Vitro Effects of VEGF on Trigeminal Ganglia Explant Cultures
After 6 days' growth, extensive neurites had extended from the whole ganglia to the surrounding well. The density of these neuron outgrowths was photographed and quantified. In whole trigeminal explants mounted in basement membrane preparation (Matri-Gel; BD Biosciences), those treated with 50 ng/mL VEGF (n ϭ 5) grew to a density of 71,060 Ϯ 10,656 (SEM) m/mm 2 after 6 days, and those without VEGF (n ϭ 5) grew to a density of 37,268 Ϯ 6943 m/mm 2 (P Ͻ 0.03). This represented an increase of 90.6% over control (Fig. 9) .
Effects of VEGF Inhibition on Corneal Nerves
After 48 hours of incubation with 2% serum, cultures of dissociated trigeminal neurons showed extensive axon outgrowth that extended over the surface of the well. The density of axons in wells with (n ϭ 4) and without (n ϭ 4) bevacizumab was quantified. Those treated with bevacizumab grew to a density of 63,862 Ϯ 1409 (SEM) m/mm 2 , and those treated with IgG grew to a density of 76,837 Ϯ 2574 m/mm 2 (P ϭ 0.0045). This represented a decrease of 16.9% compared with control ( Fig. 10) .
In living mice 3 days after epithelial debridement, those treated with bevacizumab (n ϭ 7) recovered to a nerve density of 12,328 Ϯ 845 m/mm 2 , and those treated with nonspecific mouse IgG (n ϭ 8) recovered to a density of 15,939 Ϯ 1141 m/mm 2 ( Fig. 11 ). This represented a significant decrease of 22.7% compared with control (P Ͻ 0.03).
DISCUSSION
Corneal nerve repair models after several types of injuries, including cryodamage, excimer laser ablation, and chemical injury, have been previously examined. 30 -33 In our experiments, we charac- terized manual debridement of the corneal epithelium as a nerve damage model. Although less invasive than some other models, we found that epithelial debridement also causes profound injury to nerves of the subbasal plexus. Importantly, the model recapitulates many of the nerve damage elements found clinically in common injuries such as corneal abrasions and loss of epithelium after surgical procedures (photorefractive and phototherapeutic keratectomy). Notably, a "gentler" disruption of the subbasal plexus avoids confounding variables such as the profound inflammation that occurs with cryodamage, the activation of stromal cells seen with photoablation, and the neovascularization seen in many other models. We found that corneal subbasal nerve density regenerates quickly after wounding but plateaus after the first 2 weeks. The density did not return to prewounding levels even after 1 month. This rate of regeneration correlates well with previous studies that show approximately 60% of sensation restored in rabbits after 2 weeks.
34 It appears the density may level off at approximately 70% of the original. A 30% reduction in nerve density could result in loss of trophic influences and sensation that would hinder epithelialization and protection of the cornea. Whether this density eventually returns to prewounding levels and whether it is correlated with a loss of function has not been examined in our model, but results from previous studies in rabbits suggest that full function is not restored in the short term (10 weeks). 34 Our results also showed two different sources of subbasal nerve plexus regeneration: from preexisting subbasal nerves and from islands originating from deeper bundles of nerves in the stroma. These two patterns of nerve regeneration were also seen in a rabbit model of corneal nerve cryoablation. 31 The contribution of these anterior stromal nerve fibers to the restoration of subbasal nerve density provides further evidence of the importance of these deeper nerves. Loss of the deeper nerves, which may serve as reservoirs for corneal surface nerve regeneration as occurs in ophthalmic procedures such as keratoplasty and LASIK, may therefore have significant implications for the restoration of subbasal nerve density and poten-FIGURE 6. Immunohistochemistry for VEGF and its receptors in the cornea. Corneas were immunostained for (A) negative control, (B) VEGF 164 , (C) VEGFR1, (D) VEGFR2, (E) neuropilin-1, and (F) neuropilin-2. VEGFR1 and NRP1 showed strong staining in the epithelium, and NRP1 also had a distinct perinuclear staining pattern. VEGFR2 showed some staining in the epithelium. VEGF 164 and NRP2 showed almost no staining. Scale bar, 50 m.
FIGURE 7.
Semiquantitative RT-PCR of trigeminal ganglia and cornea for VEGF and VEGF receptors. Cultured trigeminal ganglia and corneal epithelial cells, cornea stroma tissue, and whole trigeminal ganglia tissue and corneal epithelial tissue were analyzed by RT-PCR for gene expression of VEGF 164 , NRP1, NRP2, VEGFR1, and VEGFR2. Positive control was 11.5-day-old embryo. VEGF 164 and NRP1 genes appeared to be expressed in all sample tissues, though the bands were less bright in the corneal epithelial whole tissue and stroma. NRP2 and VEGFR1 were detected in all samples except corneal epithelial whole tissue and corneal stroma. VEGFR2 was detected in all samples except corneal epithelial whole tissue. GAPDH was used as a loading control.
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tially corneal sensation. We showed thy1-YFP neurofluorescent mice are an effective and expedient alternative to traditional techniques of corneal nerve visualization, such as gold chloride and specific antibody staining for nerve-specific ligands. 35 We demonstrated by PCR that the trigeminal ganglion expresses some VEGF and VEGF receptor genes. Western blot analysis, in addition, confirmed immunochemistry findings of protein expression of VEGF and its four receptors in the trigeminal ganglion and of VEGFR1, VEGFR2, and NRP1 in the cornea. This shows that trigeminal neurons have the receptors able to detect and respond to VEGF in vivo. Although the neurons would in theory be the target of VEGF action, data indicate that they also secrete VEGF, demonstrating the potential action of VEGF in a paracrine or an autocrine fashion. Thus, VEGF may have an important role during the healing of the cornea, possibly promoting or guiding nerve growth.
We saw that giving 50 ng/mL VEGF, a concentration similar to what was used by other investigators 36, 37 to induce angiogenesis, to trigeminal explants nearly doubled the nerve density of neuronal outgrowths after 6 days compared with control. Though neuron-promoting actions of VEGF have been shown in other nerves, such as those of the dorsal root ganglion, we are the first to find that such an effect occurs in trigeminal neurons. Additionally, such a profound increase in neuronal density suggests that VEGF may have an even more prominent role in nerve signaling and growth than previously thought.
To assess whether VEGF not only has the potential to stimulate trigeminal neurons but also plays a role in the growth and regeneration of neurons under physiological or pathophysiological conditions, we used bevacizumab to block its actions in vivo and in vitro. Inhibition of VEGF reduced the serumdependent growth of cultured neurons by 17%. More important, adding anti-VEGF neutralizing antibodies to corneas undergoing subbasal nerve plexus regeneration inhibited the repair of these neurons by 23%. The role of VEGF signaling in corneal angiogenesis has been studied extensively, but these studies provide the first direct evidence that VEGF signaling also influences the repair of corneal nerves after injury. It should be noted that bevacizumab has a higher affinity for human VEGF than mouse VEGF; hence, these effects may be different and perhaps even greater in humans. 38 Although we did not examine the corneal sensation of mice with and without treatment with bevacizumab after wounding, it can be expected that a lower nerve density would lead to at least some amount of impairment in function. Anti-VEGF neutralizing antibodies have been used extensively in the treatment of vitreoretinal diseases such as age-related macular de-FIGURE 8. Analysis of VEGF and VEGF receptor protein expression by Western blot. Immunoblotting indicates protein expression of VEGF and its receptors in the trigeminal and of some VEGF receptors in the cornea. In the trigeminal ganglia, bands positive for VEGF were present at 14 kDa, 18 kDa, and 23 kDa. VEGFR1 was present at 180 kDa, VEGFR2 was present at 220 kDa, NRP1 was present at 90 kDa, and NRP2 was present at 70 kDa. Similar results were found in the cornea, but the VEGFR1-positive band corresponded in size (ϳ60 kDa) to soluble VEGFR1. VEGF and NRP2 were not detected.
FIGURE 9.
Effect of VEGF on outgrowth of explanted trigeminal ganglia. Whole trigeminal explants were collected from mice and mounted in basement membrane preparation (Matri-Gel; BD Biosciences). Half the samples (n ϭ 5) were treated with 50 ng/mL VEGF (C), and the other half (n ϭ 5) were given identical media that did not contain VEGF. After 6 days' growth, extensive neurites had extended from the whole ganglia to the surrounding plastic of the media well. These nerve outgrowths were photographed after nerve-specific immunostaining and were quantified. Those treated with VEGF (C) grew to a density of 71,060 Ϯ 10,656 m/mm 2 after 6 days, whereas those without VEGF (B) grew to a density of 37 generation. However, preliminary investigations of bevacizumab as a treatment for corneal neovascularization are under way. 15 Given the finding that VEGF signaling modulated corneal nerve repair, further investigation of the antineuronal effects of antiangiogenesis treatment in the cornea is warranted. Indeed systemic administration of bevacizumab has been shown to cause a decrease in the numbers of retinal ganglion cells in vivo. 23 The cornea is a unique tissue that is both highly innervated and avascular. The role of VEGF in corneal nerve maintenance has not been examined in the same way that quenching of VEGF signaling has been implicated for the maintenance of avascularity. 13, 39 However, our data suggest that VEGF does play a role during the regeneration of corneal nerves, even in a model that does not generate neovascularization. It is possible the same decoy mechanisms, such as soluble VEGFR1
receptor, that affect angiogenesis help to regulate and modulate the effect of VEGF on corneal nerves. In the healthy cornea, these mechanisms may quench excessive nerve growth; however, in the injured cornea, downregulation of VEGF quenching is possible, thus promoting neurogenesis in the healing cornea. Additional studies will be required to ascertain how VEGF in the cornea can promote nerve growth while avoiding neovascularization. One possibility would be the existence of two different pathways for signaling by VEGF, one for vessel growth and permeability and another for mediating the neurotrophic effects. Other possibilities might include a differential VEGF dose dependence or different effective local concentrations of ligands and receptors between vascular and neuronal cell types.
Given our findings, we speculate that the VEGF affecting corneal nerves may be paracrine in nature. In addition, because FIGURE 10. Effect of anti-VEGF antibody on axon outgrowth in dissociated trigeminal ganglia neurons. Cultures of dissociated neurons were grown with 2% serum and 250 ng/mL bevacizumab or 250 ng/mL mouse IgG for 48 hours. Cultures were then visualized with nerve-specific antibodies, and the density of nerve processes was quantified. Those with bevacizumab (C; n ϭ 4) grew to a density of 63,862 Ϯ 1409 m/mm 2 , whereas those treated with an equal amount of nonspecific IgG (B; n ϭ 4) grew to a density of 76,837 Ϯ 2574 m/mm 2 , representing a reduction in nerve density of 16% (P Ͻ 0.005). (A) Data are plotted as a percentage of control. Asterisk: statistical significance with P Ͻ 0.05. Scale bar, 100 m Scale bar, 100 m. FIGURE 11. Effect of anti-VEGF antibody on corneal nerve regeneration in vivo. Mice with corneal de-epithelialization wounds were treated with corneal hydrations of 25 mg/mL mouse IgG or 25 mg/mL bevacizumab. After 3 days, mice were killed and corneas were excised and photographed for neurofluorescence, as in Figure 1 . Corneas treated with bevacizumab (C; n ϭ 7) recovered to a neuron density of 12,328 Ϯ 845 m/mm 2 , whereas those given nonspecific mouse IgG (B; n ϭ 8) recovered to a density of 15,939 Ϯ 1141 m/mm 2 , representing a reduction in subbasal nerve density of 23% (P Ͻ 0.03). (A) Data are plotted as a percentage of control. Asterisk: statistical significance with P Ͻ 0.05. Scale bar, 100 mScale bar, 100 m.
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of similarities in the patterning of epithelial cells and corneal nerves and data showing the epithelium expresses some VEGF receptors, it is possible that VEGF plays a role in determining epithelial cell patterning. 24, 40, 41 Further studies will be needed to determine which VEGF receptors are responsible for these and other actions of VEGF in the cornea.
In summary, our data indicate that the trigeminal ganglion expresses VEGF and the VEGF receptors VEGFR1, VEGFR2, NRP1, and NRP2. The cornea expresses VEGFR1, VEFR2, and NRP1. VEGF is a potent stimulant of trigeminal neuronal outgrowth in vitro, and blockage of VEGF signaling impairs regeneration of the corneal subbasal nerve plexus after injury.
